Arabidopsis thaliana increases cellular phosphatidylcholine (PC) content during cold acclimation by up-regulating PC biosynthesis. The A. thaliana genes CCT1 and CCT2 encode CTP:phosphorylcholine cytidylyltransferases (CCTs; EC 2.7.7.15), which regulate PC biosynthesis via the CDPcholine pathway. We isolated the T-DNA-tagged knockout mutants cct1 and cct2 of A. thaliana (Wassilevskaja; WS). CCT activity in cct1 and cct2 plants accounted for 29 and 79 % to the cellular CCT activity of WS plants, respectively. When plants were exposed to 2 ° C for 7 d, CCT activity increased in both cct1 and cct2 plants, and immunoblot analyses revealed that cct1 contained an increased level of CCT2 protein whereas cct2 exhibited little increase in CCT1 level. For each mutant grown at 23 ° C, CCT activity was mainly enriched in the particulate (15,000 × g pellet) and microsomal (150,000 × g pellet) fractions from rosette leaf homogenates. After exposure to cold, the particulate and microsomal fractions of cct1 plants had higher total CCT activity due to increased levels of CCT2; in contrast, the levels of CCT1 in cct2 plants remained unchanged in particulate and microsomal fractions despite a signifi cant increase in the total CCT activity. We conclude that the CDP-choline pathway of A. thaliana is up-regulated at low temperature via isogene-specifi c modes: enhanced expression of CCT2 and post-translational activation/ inactivation of CCT1 in membranes. PC levels were similarly maintained in both mutants and WS plants after 14 d at 2 ° C, suggesting that either of the CCT genes is suffi cient for PC biosynthesis at low temperature.
Introduction
In cold-hardy plants, low temperature induces the expansion of cellular membranes ( Yoshida 1984 , and references therein), particularly of the endoplasmic reticulum, which can form layers near the plasma membrane ( Fujikawa and Takabe 1996 ) . Membrane expansion requires phospholipid biosynthesis, and phosphatidylcholine (PC) is an important phospholipid found in all plant cellular compartments except plastids. Thus, elucidation of the mechanism of PC biosynthesis at low temperature is necessary to understand the mechanism of membrane biogenesis in cold conditions.
In cold-hardy plants, such as Arabidopsis thaliana , the PC content increases in response to low temperature ( Inatsugi et al. 2002 ) , and this also has been reported in a number of herbaceous and woody plant species ( Yoshida 1984 , and references therein). Although PC is a minor component of plastid membranes, it is required for plastid biogenesis and serves as a metabolic precursor to the plastid membrane lipids, galactolipids and sulfolipids ( Ohlrogge and Browse 1995 ) . PC also serves as a substrate for acyl-lipid desaturases, which regulate membrane fl uidity at low temperatures, and the increase of di-unsaturated PC molecular species stabilizes protoplast plasma membranes during freeze/thaw cycles ( Steponkus et al. 1988 , Uemura and Steponkus 1994 , Uemura et al. 1995 .
In higher plants, PC is synthesized largely via the CDPcholine pathway ( Ohlrogge and Browse 1995 ) , which includes three sequential reactions catalyzed by choline kinase (EC 2.7.1.32), CTP:phosphorylcholine cytidylyltransferase (CCT; EC 2.7.7.15) and CDP-choline:diacylglycerol phosphocholinetransferase (EC 2.7.8.2) (or aminoalcoholphosphotransferases; EC 2.7.8.1 and EC 2.7.8.2) ( Goode and Dewey 1999 ) . CCT catalyzes the rate-limiting step in the pathway ( Kinney et al. 1987 ) . In rye roots treated at 5 ° C, CCT specifi c activity increased 6-fold in the membrane fractions ( Kinney et al. 1987 ) . In A. thaliana , two distinct CCTs are encoded by CCT1 ( At2g32260 ) and CCT2 ( At4g15130 ) ( Inatsugi et al. 2002 ) , and expression of CCT2 is enhanced in rosette leaves of the ecotype Columbia (Col) when subjected to low temperature (2 ° C), whereas CCT1 expression remains unchanged after exposure to cold ( Inatsugi et al. 2002 ) . However, the levels of CCT1 protein are maintained under such conditions, suggesting that CCT1 contributes to PC biosynthesis at low temperatures.
To understand the contribution of CCT1 and CCT2 to PC biosynthesis at low temperature, we conducted reverse genetic studies of the isogenes CCT1 and CCT2 in the A. thaliana ecotype Wassilevskaja (WS). We isolated the T-DNA-tagged knockout mutants cct1 and cct2 , which showed no detectable expression of CCT1 and CCT2 , respectively. When cct1 and cct2 plants were incubated at low temperature, CCT activity increased in both cct1 and cct2 plants. Subcellular fractionation of CCT proteins and CCT activity by differential centrifugation revealed that CCT activity increased at low temperatures by isogene-specifi c mechanisms: (i) CCT2 expression was enhanced in cct1 plants; and (ii) membranebound CCT1 protein activity was post-translationally regulated in cct2 plants. Lipid analysis of WS, cct1 and cct2 plants after cold treatment for 14 d revealed that either of the CCT genes is suffi cient for PC biosynthesis at low temperature.
Results

Isolation of gene disruptants for CCT1 and CCT2
T-DNA insertions in the disruptants for A. thaliana (WS) CCT1 and CCT2 occurred within the sixth intron and second exon, respectively ( Fig. 1A ) . The homozygous disruptants cct1 and cct2 were obtained by backcrossing twice to wildtype (WS) plants. cct1 and cct2 plants grew similarly to WS plants at 23 ° C (Supplementary Fig. S1 ). Immunoblot analysis with CCT-specifi c antibodies and RNA gel blot analysis using isogene-specifi c probes revealed no detectable expression of CCT1 and CCT2 in rosettes of cct1 and cct2 plants, respectively, grown at 23 ° C ( Fig. 1B, C ). cct1 and cct2 plants did not substantially overexpress CCT2 and CCT1 , respectively, suggesting non-coordinated regulation of gene expression between the CCT1 and CCT2 isogenes. . 1-13 and 1-15 represent AtCT1-13 and AtCT1-15 primers, respectively; 2-13 and 2-15 represent AtCT2-13 and AtCT2-15 primers, respectively). The black boxes represent the exons of CCT1 and CCT2 . PCR was designed to amplify DNA fragments that included the left border sequence of T-DNA and its fl anking genomic sequence for either CCT1 or CCT2. (B) RNA gel blot analysis of CCT1 and CCT2 in cct1 and cct2 plants. RNAs extracted from rosette leaves were subjected to RNA gel blot analysis with [ α -32 P]dCTP-labeled probes specifi c for the 3 ′ untranslated regions of CCT1 and CCT2 . (C) Immunoblot analysis for CCT1 and CCT2 proteins in cct1 and cct2 plants. Urea extracts from rosette leaves were subjected to immunoblot analysis with an antiserum against recombinant CCT2 ( Inatsugi et al. 2002 ) , which recognizes both CCT1 and CCT2. The wild-type (WS) ecotype is shown as a positive control.
Relative contribution of CCT1 and CCT2 to cellular CCT activity
Wild-type (WS), cct1 and cct2 plants were grown for 15 d at 23 ° C under continuous illumination, and the CCT activity in the rosette homogenates was measured ( Fig. 2 ) . The wildtype (WS) plants exhibited CCT activity of 24.2 ± 3.5 nmol min −1 g FW −1 . The CCT activity remaining in cct2 mutants was 19.0 ± 2.5 nmol min −1 g FW −1 , which accounted for 78.5 % of the CCT activity in the wild type. The CCT activity remaining in cct1 mutants was 7.1 ± 2.8 nmol min −1 g FW −1 , which accounted for 29.3 % of that in the wild type. The CCT activity in cct2 mutants was slightly higher than the difference in the CCT activity between the wild-type and cct2 plants, i.e. 5.2 ± 3.5 nmol min −1 g FW −1 .
Low temperature-induced increase in cellular CCT activity in cct1 and cct2 rosettes Fig. 2 also shows CCT activity in rosette homogenates from wild-type (WS), cct1 and cct2 plants, which were grown at 23 ° C for 15 d and then at 2 ° C for up to 7 d. In WS rosettes, the total CCT activity increased to 33.6 ± 5.6 and 44.6 ± 6.4 nmol min −1 g FW −1 after treatment for 2 and 7 d at 2 ° C, respectively ( Fig. 2 ) . Compared with the level before cold treatment, the CCT activity increased 1.8-fold after 7 d at 2 ° C. In cct1 plants, total CCT activity increased to 13.2 ± 5.2 and 17.9 ± 7.9 nmol min −1 g FW −1 after treatment for 2 and 7 d at 2 ° C, respectively ( Fig. 2 ). The CCT activity increased 2.5-fold after 7 d at 2 ° C relative to the level before cold treatment. In cct2 plants, total CCT activity increased to 30.6 ± 5.6 and 40.0 ± 6.6 nmol min −1 g FW −1 after 2 and 7 d at 2 ° C, respectively ( Fig. 2 ) . Compared with the level before cold treatment, the CCT activity increased 2.1-fold after 7 d at 2 ° C.
In separate experiments, the levels of CCT1 and CCT2 in intact rosette leaves were quantifi ed by immunoblot analysis ( Fig. 3 ) . Disruption of either CCT1 or CCT2 had no significant effect on the expression level of the other CCT protein at low temperature ( Fig. 3A ) . In cct1 plants, the level of CCT2 increased 2.2-fold ( Fig. 3C ), and this increase was comparable with a 2.5-fold increase of CCT activity in cct1 plants. Thus, the increase of CCT activity in cct1 plants was largely attributed to the enhanced expression of CCT2 at low temperature. In cct2 plants, the level of CCT1 increased little after treatment for 7 d at 2 ° C ( Fig. 3B ) . Thus, the increase of CCT activity in cct2 plants may require activation of CCT1 at low temperature or inhibition of CCT1 at ambient temperature.
The observed CCT activity in cct2 plants accounted for ∼ 90 % of the total CCT activity in WS plants incubated for 7 d at 2 ° C ( Fig. 2 ), suggesting that, in addition to enhanced expression of CCT2 , the activation or suppression from inhibition of CCT1 contributes greatly to the CDP-choline pathway to PC biosynthesis at 2 ° C.
Subcellular distribution of CCT activity and CCT proteins
Because rat CCT α becomes activated upon binding to membranes ( Cornell and Northwood 2000 ) , the activation of CCT1 in cct2 plants at low temperature could be due to an increased proportion of membrane-bound CCT1 relative to its soluble form. To test this hypothesis, we examined the specifi c activity of CCT ( Fig. 4 ) and the levels of CCT proteins ( Fig. 5 ) in 1,000 × g , 15,000 × g and 150,000 × g pellet fractions and the fi nal soluble fraction from each of the wildtype (WS), cct1 and cct2 plants before and after exposure to cold.
In wild-type (WS) plants grown at 23 ° C, the specifi c activity of CCT in the 15,000 × g and 150,000 × g pellet fractions was 1.8 ± 0.27 and 0.71 ± 0.24 nmol min −1 mg protein −1 , respectively. These values were higher than the specifi c activity of CCT in the homogenate, i.e. 0.37 ± 0.10 nmol min −1 mg protein −1 , suggesting that the in vivo CCT activity mainly resides in the particulate organelles (15,000 × g pellet) and microsomal membranes (150,000 × g pellet) at ambient temperature ( Fig. 4 ) . After treatment for 7 d at 2 ° C, the specifi c activity of CCT in the 15,000 × g fraction was 2.4 ± 0.69 nmol min −1 mg protein −1 , which increased insignifi cantly ( P = 0.06) from the level measured prior to cold exposure. In contrast, the specifi c activity of CCT in the 150,000 × g pellet fractions increased signifi cantly ( P < 0.001) to 1.9 ± 0.35 nmol min −1 mg protein −1 (2.7-fold), compared with the level measured prior to cold exposure (Fig. 4) . The specifi c activity of CCT in the 1,000 × g pellet and the soluble fractions was smaller Rosettes of Arabidopsis before (white box) and after exposure to cold at 2 ° C for 7 d (gray box) were homogenized in the presence of various proteinase inhibitors. The homogenates were centrifuged sequentially at 1,000 × g , 15,000 × g and 150,000 × g to yield each pellet fraction and the fi nal soluble fraction. The CCT activity of each fraction was immediately measured at 25 ° C. The data are averages of fi ve samples from three independent experiments, and the bars indicate the standard deviation. H, homogenate; 1 k, 1,000 × g pellet fraction; 15 k, 15,000 × g pellet fraction; 150 k, 150,000 × g pellet fraction; Sup, 150,000 × g soluble fraction. Fig. 3 Immunoblot analysis for CCT1 and CCT2 in rosettes of cct1 and cct2 plants exposed to 2 ° C. (A) Urea extracts from rosettes of Arabidopsis exposed to 2 ° C for the indicated periods were subjected to immunoblot analysis with an antiserum against recombinant CCT2 ( Inatsugi et al. 2002 ) . Similar results were obtained from several experiments, and representative images are shown. (B and C) The relative intensity of each band in (A) was quantifi ed using NIH Image 1.62 software with reference to the intensity of the respective CCT1 and CCT2 bands in the wild-type (WS) sample before exposure to cold. The relative intensities of CCT1 (B) and CCT2 bands (C) in rosettes of Arabidopsis exposed to 2 ° C for the indicated periods are shown.
than that in the homogenates from cold-treated plants, i.e. 0.82 ± 0.21 nmol min −1 mg protein −1 .
In cct1 plants grown at 23 ° C, the specifi c activity of CCT in the particulate (15,000 × g pellet) and microsomal (150,000 × g pellet) fractions was 0.60 ± 0.27 and 0.35 ± 0.09 nmol min −1 mg protein −1 , respectively. These values were higher than the specifi c activity of CCT in the homogenate, i.e. 0.18 ± 0.05 nmol min −1 mg protein −1 . In cct1 plants incubated for 7 d at 2 ° C, the specifi c activity of CCT in the 15,000 × g and 150,000 × g pellet fractions increased signifi cantly to 1.1 ± 0.08 nmol min −1 mg protein −1 ( P < 0.05, 1.8-fold) and 1.3 ± 0.37 nmol min −1 mg protein −1 ( P < 0.0002, 3.7-fold), respectively, compared with the level measured prior to cold exposure ( Fig. 4 ) . The level of CCT2 also increased by about 3-and 4-fold in the 15,000 × g and 150,000 × g pellet fractions, respectively ( Fig. 5 ) . Thus, in cct1 plants, the increase in CCT2 level could account for the increased specifi c activity of CCT in the particulate and microsomal fractions after exposure to cold.
In cct2 plants grown at 23 ° C, CCT activity was also enriched in the particulate (15,000 × g pellet) and microsomal (150,000 × g pellet) fractions ( Fig. 4 ) . In cct2 plants incubated for 7 d at 2 ° C, the specifi c activity of CCT in the 15,000 × g and 150,000 × g pellet fractions increased from 0.99 ± 0.47 to 1.6 ± 0.27 nmol min −1 mg protein −1 (1.6-fold) and from 0.66 ± 0.07 to 1.4 ± 0.36 nmol min −1 mg protein −1 (2.1-fold), respectively, compared with the level measured prior to cold exposure. However, the level of CCT1 in cct2 plants increased little in the 15,000 × g and 150,000 × g pellet fractions after treatment for 7 d at 2 ° C. Thus, in cct2 plants, membranebound CCT1 may be activated at low temperature or partly inhibited at ambient temperature.
PC levels are maintained in cct1 and cct2 plants after prolonged cold treatment
When grown at ambient temperature, rosette leaves of cct1 and cct2 plants contained similar levels of glycerolipids compared with those of WS plants ( Fig. 6A ). PC levels in rosette leaves of WS, cct1 and cct2 plants were 1.0 ± 0.15, 0.79 ± 0.07 and 0.99 ± 0.16 µmol min -1 g FW -1 . The PC levels in cct1 and cct2 plants were statistically not different from that in WS plants ( P > 0.1). These results suggested that expression of either CCT1 or CCT2 is suffi cient for PC biosynthesis in A . thaliana at ambient temperature.
After treatment for 14 d at 2 ° C, PC levels in WS, cct1 and cct2 plants increased to 1.54 ± 0.41 (P < 0.01), 1.38 ± 0.19 (P < 0.01) and 1.47 ± 0.03 (P < 0.05) µmol min −1 g FW −1 , respectively, compared with those before cold treatment. The total lipid content in WS, cct1 and cct2 plants after treatment for 14 d at 2 ° C was 7.5 ± 1.3, 7.0 ± 1.1 and 7.7 ± 0.6 µmol min −1 g FW −1 , respectively, and the cct mutants maintained the total lipid content compared with the wildtype plants after prolonged cold treatment.
Discussion
CCT is the rate-limiting enzyme in the CDP-choline pathway to PC biosynthesis. In A. thaliana (Col), CCT2 is a key player in the CDP-choline pathway to PC biosynthesis at low temperature ( Inatsugi et al. 2002 ) , because the expression of CCT2 is up-regulated in response to low temperature, whereas that of CCT1 remains unchanged after exposure to cold. In this study we showed that CCT2 expression is up-regulated in wild-type (WS) plants in response to low temperature, whereas that of CCT1 remains unchanged after exposure to cold ( Fig. 3A ) . Thus, the mechanisms of CCT activation and regulation in A. thaliana at low temperature may be conserved between Col and WS ecotypes. However, a more precise evaluation of the exact contribution of CCT1 and CCT2 to cellular CCT activity is necessary.
We showed that the CCT activity remaining in cct1 and cct2 mutants accounts for 29.3 and 78.5 % of the CCT activity in the wild type, respectively. cct2 mutants have a T-DNA insertion within the second exon and a possible translation product from cct2 transcripts is expected to contain no ( Inatsugi et al. 2002 ) . Protein (80 µg) was loaded in each lane, and the band intensities for CCT1 and CCT2 were compared between samples before (0 d) and after (7 d) exposure to cold at 2 ° C. Similar results were obtained from several experiments, and representative images are shown. The relative intensity of each band in the images was quantifi ed using NIH Image 1.62 software with reference to the intensity of the respective CCT1 and CCT2 bands for each fraction before exposure to cold. 15 k, 15,000 × g pellet fraction; 150 k, 150,000 × g pellet fraction.
catalytically important domain. On the other hand, cct1 mutants have a T-DNA insertion within the sixth intron. Accordingly, we suspect that the residual activity in cct1 mutants may be overestimated.
Subcellular fractionation of CCT activity in rosette homogenates suggested that CCT1 in the microsomal fractions from cct2 plants may be activated at 2 ° C. Alternatively, CCT1 activity in the microsomal fractions from cct2 plants may be partly inhibited at ambient temperature compared with low temperature. In animal cells, the mechanisms for activation of CCT proteins have been extensively studied, especially using rat CCT α as a model protein ( Kent 1997 , Cornell and Northwood 2000 ) . Mammalian CCT has an amphipathic α -helix that facilitates interconversion between a soluble, less active form and a membrane-bound active form. A competitive interaction between a phosphorylation domain and anionic lipids plays a key role in membrane binding by mammalian CCT (for reviews, see Kent 1997 , Cornell and Northwood 2000 ) . Once membrane bound, mammalian CCT is activated, thereby relieving an inhibitory constraint on the catalytic domain ( Weinhold et al. 1991 , Yang et al. 1995 . Both A. thaliana CCT1 and CCT2 are predicted to have a similar, but shorter, amphipathic α -helix domain ( Fig. 7 ) ; however, these proteins do not contain a putative phosphorylation domain. The properties of membrane-associated CCT1 and CCT2 may be attributable to the presence of the putative amphiphatic membrane-binding domain. However, our immunoblot analysis of A. thaliana rosette leaf homogenates indicated that CCT proteins are mainly associated with membranes rather than being soluble (data not shown). Thus, the dynamics of CCT association with membranes do not appear to play a major role in the regulation of CCT activity in Arabidopsis . Alternatively, our immunoblot analysis also suggests that CCT1 activity may be regulated when it is associated with membranes. For example, CCT1 might be activated by association with specifi c lipids such as diacylglycerol ( Kolesnick and Hemer 1990 , Slack et al. 1991 , Hatch et al. 1992 or proteins such as transcytosis-associated protein Weinhold 1993 , Feldman and Weinhold 1998 ). Although we observed minor bands that cross-reacted with CCT-specifi c antisera ( Fig. 5B ) , we did not see these bands in the urea extracts of whole plants ( Fig. 1C ) . Thus, these minor bands may be degradation products of CCTs. However, because the amount of these bands did not change before and after cold treatment, they did not affect our view that CCT1 expression is constant before and after treatment at 2 ° C. Different modes of activation between CCT1 and CCT2 genes in response to cold suggest that CCT isogenes play different physiological roles in membrane biogenesis at low temperature.
Lipid analysis revealed that decreases in PC levels in cct1 and cct2 mutants compared with the wild-type (WS) plants after cold treatment for 14 d at 2 ° C are statistically not signifi cant. However, a much greater difference in PC levels may be expected in cct1 cct2 double mutants. Lipid analysis in the present study is unable to detect lipid changes in specifi c organelle membranes. Using a confocal laser scanning microscope, the development of organelle membranes at low temperature may be examined in transgenic plants that express a fl uorescent protein fusion with an organelle marker protein. Our cct mutants provide a useful genetic background for creating such transgenic plants as well as cct1 cct2 double mutants.
Materials and Methods
Plant materials and growth conditions
Wild-type A. thaliana (ecotype WS) was obtained from Lehle Seeds (Round Rock, TX, USA). The A. thaliana seeds were sown on peat sheets (Sakata Seed, Yokohama, Japan) irrigated with water. After vernalization at 2 ° C for 2 d in darkness, seedlings were raised at 23 ° C for 15 d under continuous illumination at a photon fl ux density (PFD) of 65 µmol m −2 s −1 . For the exposure to cold, seedlings were incubated at 2 ° C under continuous illumination at a PFD of 35 µmol m −2 s −1 .
Isolation of CCT disruptants
T-DNA-tagged knockout mutants for CCT1 and CCT2 were obtained from the Arabidopsis Biological Resource Center by performing four rounds of PCR using pooled genomic DNA with the aid of the Arabidopsis Knockout Facility at the University of Wisconsin Biotechnology Center ( Sussman et al. 2000 ; http://www.biotech.wisc.edu/gone/Arabidopsis .html ). For screening, the primers used were: CCT1 , AtCT1-13 (5 ′ TTGTTGTCTTTACGATCCGTCATAACAGT 3 ′ ) and AtCT1-15 (5 ′ CTTCATCGGAAATTATGAGCAACGTTATC 3 ′ ); and CCT2 , AtCT2-13 (5 ′ CCATGACTGCTTTTGATTTC TGATGCATT 3 ′ ) and AtCT2-15 (5 ′ TATCAGTGTTCAA AGATGGCCGACCTATG 3 ′ ). DNA fragments amplifi ed by the fi rst round of PCR were subcloned into the plasmid pGEM ™ -T Easy (Promega, Madison, WI, USA) and sequenced using a DNA sequencer (4000L, LI-COR, Lincoln, NE, USA) to determine the sites of T-DNA insertion into CCT1 and CCT2 . Disruptants were backcrossed twice to the wild type (WS), and homozygous cct1 and cct2 disruptants were selected by PCR using the primers AtCT1-13 and JL270 (5 ′ TTTCTCCA TATTGACCATCATACTCATTG 3 ′ ) for cct1 , and the primers JL202 (5 ′ CATTTTATAATAACGCTGCGGACATCTAC 3 ′ ) and AtCT2-15 for cct2 .
RNA gel blot analysis
RNA extraction and RNA gel blot analyses were conducted as described ( Inatsugi et al. 2002 ) .
Lipid analysis
Lipids were extracted from whole rosettes of Arabidopsis and quantifi ed with a gas chromatograph as described ( Inatsugi et al. 2002 ) . 
Differential centrifugation analysis
Rosettes of Arabidopsis were homogenized on ice with a Polytron-type homogenizer (HG30, Hitachi Koki, Tokyo, Japan) in 3 ml (per g FW) of a buffer containing 50 mM MOPS-KOH (pH 7.6), 12 % sucrose, 5 mM EDTA, 5 mM EGTA, 1 µg ml −1 leupeptin, 1 mM phenylmethylsulfonyl fl uoride, 1 mM benzamide and 5.5 mM sodium bisulfi te, and then fi ltered through two layers of Miracloth (Calbiochem, La Jolla, CA, USA) to obtain homogenates. All the centrifugation procedures were done at 2 ° C. Homogenates were centrifuged at 1,000 × g for 5 min to obtain a 1,000 × g pellet (cell debris and nucleic fraction), and the resulting supernatant was further centrifuged at 15,000 × g for 15 min to recover a 15,000 × g pellet (particulate fraction). The resulting supernatant was centrifuged at 150,000 × g for 30 min to yield a 150,000 × g pellet (microsomal fraction) and the fi nal supernatant (soluble fraction). Each pellet was resuspended in one-third of the original volume using a buffer containing 50 mM MOPS-KOH (pH 7.6), 12 % sucrose, 5 mM EDTA and 5 mM EGTA, and subjected to CCT activity assay and immunoblot analysis.
CCT activity in Arabidopsis rosettes
CCT activity was measured according to Tsukagoshi et al. (1991) and as described ( Inatsugi et al. 2002 ) .
Immunoblot analysis
Proteins were extracted from rosettes of Arabidopsis as described ( Inatsugi et al. 2002 ) . Briefl y, a sample of each fraction obtained from differential centrifugation was mixed with solid urea (fi nal concentration 9 M) and 10 × SDS-PAGE sample buffer [fi nal concentration 1 × , containing 50 mM Tris-HCl (pH 6.8), 2 mM EDTA, 1 % SDS and 100 mM dithiothreitol]. The resultant suspension was incubated at room temperature for 20 min and then subjected to SDS-PAGE on a 6 M urea/12 % polyacrylamide slab gel as described ( Inatsugi et al. 2002 ) . After electrophoresis, protein bands were transferred onto a poly(vinylidene difl uoride)-type membrane (Immobilon ™ , Millipore, Tokyo, Japan). The membrane was processed for immunostaining as described ( Inatsugi et al. 2002 ) . Membranes were scanned at a resolution of 600 dpi (GT-9500, Epson, Tokyo, Japan), and band intensity was quantifi ed with NIH Image 1.62 software ( http://rsb.info.nih.gov/nih-image/ ) on a Macintosh computer.
Supplementary data
Supplementary data are available at PCP online.
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